Abstract-We demonstrate on-wafer noise measurement based on the Y-factor technique at 300 GHz utilizing a uni-traveling-carrier photodiode (UTC-PD) as a noise source. Since the UTC-PD can provide high and scalable noise power for the hot state and has a waveguide output port, easy and reliable measurement is available even at terahertz frequencies, where the loss from the experiment setup is not ignorable. We describe the experimental procedure with the UTC-PD as a noise source and a diode mixer as a noise receiver and present a noise figure measurement for a 300 GHz amplifier MMIC in an on-wafer environment. In addition, we discuss the uncertainty due to using the UTC-PD.
I. INTRODUCTION

R
ECENT progress in semiconductor device technologies enables us to consider new uses for sub-millimeter and terahertz (THz) waves other than astronomy, such as communications [1] , security, and imaging applications [2] . The cut-off frequency of state-of-the-art transistors has already exceeded 1 THz [3] , [4] . With such transistors, several functional components for practical THz applications have been reported and amplification up to several milliwatts below 1 THz looks very feasible [5] . However, in the development of specific THz components and systems, there are still many barriers. One of the biggest ones is the measurement or characterization of signals and components in on-wafer environments, which provides immediate feedback about the components' performance without packaging and the accompanying additional time and cost. Measuring noise figures (NFs) with an on-wafer setup is especially challenging because of the lack of a noise source and high-sensitivity receiver. Though hot and cold loads based on liquid nitrogen can be used as a noise source at THz frequencies [6] , the extinction ratio of the noise power is small. The measurement results can therefore easily suffer from small errors in calibration and measurement processes [7] . In addition, preparing , which boils and easily vaporizes at room temperature, is quite cumbersome and requires close attention. As a new kind of noise source for THz wave bands, we have presented a microwave photonic technique, in which high-power noise at THz frequencies can be generated by using a uni-traveling carrier photodiode (UTC-PD) with a waveguide output and optical amplifier with no input. Using the technique, we have demonstrated NF measurement of a packaged mixer module at 300 GHz [8] .
In this letter, we demonstrate on-wafer NF measurement of a 25 dB amplifier MMIC in the 300 GHz band with the microwave photonic noise source technique. In addition, uncertainty due to the use of the UTC-PD is discussed. Fig. 1 shows a block diagram and photograph of the on-wafer NF measurement setup. All waveguide components have the WR3.4 ports. The noise source consists of an Er-doped fiber amplifier (EDFA) with no input, an optical attenuator for adjusting the optical noise power level from the EDFA, and a UTC-PD. Since the waveguide packaged UTC-PD is small and light and the optical noise is fed through an optical fiber, we can connect the UTC-PD to the on-wafer probe directly and position two bench-top instruments (the EDFA and a dc supply for the UTC-PD) elsewhere in the setup. For the receiver, a second-harmonic diode mixer was used with a multiplier chain for LO pumping, followed by a 50 dB microwave amplifier to boost down-converted noise signal Noise power was read at 200 MHz over a frequency span of 10 MHz with a spectrum analyzer (Agilent N9030A).
II. NOISE MEASUREMENT WITH UTC-PD AND RESULTS
The noise measurement consists of two steps: calibration of the measurement setup and measurement of the device under the test (DUT). In the calibration step, we measured the noise temperature of the harmonic mixer, including that of the microwave amplifier and spectrum analyzer (denoted in Figs. 1) , the insertion loss of the on-wafer probe on the receiver side, and the noise power from the UTC-PD at the end of the on-wafer probe on the source side with the calibrated receiver. In this work,
was measured with the Y-factor technique based on in a separate setup. For the two-port S-parameters of the on-wafer probe were measured by measuring three on-wafer impedance standards-open, short and load-with a VNA, which was calibrated at the end of frequency extension head. From the results of and , the noise temperature of the entire receiver, , was calculated as follows:
( 1) 1531-1309 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/ redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. where is the insertion "loss" of the on-wafer probe on a linear scale, and 295 K is the reference room temperature in the experiment. Fig. 2 shows the measured K and calculated . The receiver mixer used in this work exhibited a noise temperature of approximately 3000-3600 K from 275 to 340 GHz. Since the insertion loss of the on-wafer probe was approximately 8 or 9 dB at up to 325 GHz, including that of a four-inch S-shape waveguide bend, increased to 40 000 K or more. The dramatic increase in at frequencies above 325 GHz must be due to the increase in the insertion loss outside of the guaranteed operation band of the WR3.4 on-wafer probe.
To calibrate the UTC-PD noise source, we built an on-wafer experimental setup and then measured the noise power from the UTC-PD at the end of the on-wafer probe, the reference plane of the noise source, with the calibrated noise receiver via an on-wafer thru pattern. Fig. 3 shows the measured noise temperature from the UTC-PD at several photocurrents. In theory, twice the optical input power doubles the photocurrent of PDs. As can be seen, the UTC-PD in this work can provide more than 300 000 K in noise temperature, even when the loss of the measurement setup in the 300 GHz band is taken into account. This is approximately 30 dB in excess noise ratio (ENR) or more, which is comparable to that provided by commercial diode noise sources at microwave frequencies. By adjusting the photocurrent with the optical attenuator, the ENR can be controlled as needed, which will be useful for characterizing various kinds of devices.
After calibrating the measurement setup, we measured the NF of an InP-HBT-based three-stage cascode amplifier, which exhibits approximately 25 dB gain at 300 GHz as shown in [9] . To ensure the amplifier did not saturate, the UTC-PD was driven at 2 mA for the hot state. For the cold state, the UTC-PD was completely turned off, assuming K, and the ENR in this work was around 15-18 dB. Fig. 4 shows the measured associated gain and NF. The gain curve well fits the S21 measured with the VNA, implying that the measurement results are valid. The NF of the amplifier in the operation band is around 10-12.5 dB, which is consistent with the measurement of other cascode amplifiers fabricated with the same HBT process [7] , [10] . The measured NF above 325 GHz, the upper operating limit of the WR3.4 on-wafer probe, fluctuated a lot due to large reflection at the end of the on-wafer probe.
III. UNCERTAINTY OF UTC-PD
The uncertainty of the on-wafer noise measurement depends on many factors, such as accuracy of all measurements, including calibration, impedance mismatch between components in the measurement system, and the loss of the measurement system. However, in this work, we focused on the effect of using the UTC-PD only.
The first source of the uncertainty related to the UTC-PD is the error from the additional measurement for calibrating the noise power from the UTC-PD in the on-wafer environment. Since the LN2 was used as the absolute power reference, noise power calibration using the calibrated receiver was necessary. We estimated the errors in the measurement with the VNA and in the repeatability of the semi-automatic probe contact to be approximately and dB, respectively, from the worst-case repeatability calculated using WinCal software [11] . Assuming these errors directly affect the uncertainty of the noise power calibration, the uncertainty in the NF due to the UTC-PD calibration is estimated to be approximately 0.14 dB [12] .
Other factors must be related to the UTC-PD itself, for instance, variation of the noise power from the UTC-PD and impedance mismatching due to the UTC-PD. In this work, the optical input was finely controlled with the optical attenuator, which provided accuracy of approximately 0.01 dB, and the corresponding uncertainty was estimated to be 0.02 dB on the basis of the square-law property of PDs. To estimate the uncertainty due to the impedance mismatching, we measured the reflection coefficient of the UTC-PD at the end of the waveguide and on-wafer probe at several photocurrents of up to 6 mA. Fig. 5 shows the measured results. The VSWR of the UTC-PD module is quite high, approximately 3.5 or more, but the difference in S11 between the cold and hot state is just 0.16 dB. The large loss at the end of the on-wafer probe improved the VSWR to around 1.5 dB and decreased S11 to nearly zero, respectively. Uncertainties due to the mismatch are estimated to be approximately 0.15 and 0.17 dB in the calibration and measurement steps, respectively. Since the UTC-PD provides very high noise power, the VSWR can be further improved by inserting an attenuator pad in the waveguide module.
Assuming the UTC-PD is stable enough as a noise source, the use of the UTC-PD would degrade the measurement uncertainty by approximately 0.27 dB at maximum, mainly due to the additional measurements for calibrating the noise power.
IV. CONCLUSION
We demonstrated the potential of a microwave photonic noise source for on-wafer NF measurement at THz frequencies. Though it requires an additional procedure for the noise power calibration, the waveguide output and high noise power of the UTC-PD enabled a simple and reliable measurement even in large-loss setups. Since the state-of-art UTC-PD can operate at up to 1 THz with reasonable output power, the proposed scheme can be adopted in higher frequency bands.
